Tracer diffusivities (limiting mutual diffusion coefficients) of nonassociated aromatic compounds in n-hexane and cyclohexane have been measured at 298.2 K by Taylor's dispersion method. These new data, together with other diffusivities of nonassociated pseudoplanar solutes reported in the literature, are used to determine the separate effects of solute and solvent on tracer diffusion. The data show that for a given pseudoplanar solute diffusing in different solvents at 298.2 K, the tracer diffusivity is dependent not only on the fractional viscosity of the solvent but also on a function of the solvent's molar density, molecular mass, and free volume fraction. For different pseudoplanar aromatic solutes diffusing in a particular solvent at a constant temperature, there is a linear relationship between the reciprocal of the tracer diffusivity and the molecular volume of the solutes. The results are discussed in respect to relevant theories and experimental studies in the literature. An idealized relation, developed on the basis of the Einstein equation by incorporating the newly found solute and solvent dependences, is capable of describing a total of 176 diffusivities of nonassociated pseudoplanar solutes in various solvents at different temperatures to within an average error of ±2.8%. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Diffusion has long been a subject of research interest because of its importance in biological systems, chemical reactions, and processing technologies. Although extensive studies on diffusion have been done over the past few decades with considerable progresses, our knowledge on diffusion at the molecular level is still quite limited. In particular, there is a lack of general theories that can satisfactorily describe the diffusion behavior of a wide range of molecules in dense fluids. This may be attributed partly to the complexity of the dynamics involved in the diffusion process and partly to the insufficient amount of reliable diffusion data in the literature for systematic studies.
There have been two major approaches in the study of diffusion in molecular liquids. Traditionally, diffusivities (diffusion coefficients) of liquid molecules have been understood in terms of the hydrodynamic theory, often using the wellknown Stokes-Einstein (SE) relation. For limiting mutual diffusion (diffusion at trace concentration of solute), the SE relation describes diffusivity D 12 by the expression
where k B is the Boltzmann constant, T refers to the absolute temperature, r 1 is the radius of the solute, and η represents the viscosity of the solvent. While the SE relation can predict diffusivities of large spherical solutes reasonably well, it nevertheless fails for solutes small in size compared to solvent molecules. [1] [2] [3] Invalidity of the SE relation has also been a) Author to whom correspondence should be addressed. Electronic mail: tcc.chan@polyu.edu.hk found in computer simulations and theoretical studies. [4] [5] [6] [7] Although many modified SE relations have been developed, it appears insofar that none could satisfactorily account for a broad range of diffusivities. The SE relation and its modifications have been reviewed by Cussler 8 and Reid et al. 9 The other major approach in diffusion study is Enskog's kinetic theory, which takes binary collisions of molecules into account. The rough-hard-sphere (RHS) model 10 is a typical representation of this approach. This model is based on the van der Waals (VDW) picture of condensed matter, which assumes that motions of molecules in a liquid are determined primarily by the short-range repulsive intermolecular forces (i.e., the size and shape of molecules), while weak dipoledipole interactions and other attractive forces that vary slowly in space play only a minor role. The VDW picture has been reviewed by Chandler et al. 11 The RHS model relates tracer diffusivity D 12 by the equation [12] [13] [14] 
where n 2 is the number density of the solvent, σ 1 and σ 2 represent the molecular diameters of the solute and solvent, respectively, μ is the reduced mass of solute and solvent molecules, A 12 refers to the translation-rotation coupling constant, g 12 represents the unlike radial-distribution function at contact, and (D SHS /D E ) is the computed correction to the Enskog theory to take into account of the correlated molecular motions. In Eq. (2), however, the physical significance of the computed correction (D SHS /D E ) term has never been very clear, and there have been considerable disagreements about the translation-rotation coupling constant, A 12 , in the literature. 2, [15] [16] [17] [18] Furthermore, it is well recognized that the kinetic theory generally overestimates the mass effect on diffusion. 19, 20 Details of the RHS model and the kinetic theory for diffusion have been discussed by Tyrrell and Harris. 21 The hydrodynamic theory basically describes mutual diffusion as a solute moving in a continuum of solvent, whereas the kinetic theory considers solute and solvent molecules as discrete particles travelling with collisions in the diffusion process. In recent years, molecular dynamic (MD) simulations 22 (a)-22(h) and mode-coupling theory (MCT) 19, 20, [23] [24] [25] [26] as well as other theoretical methods 27 have also been widely used in the study of diffusion. Nonetheless, it appears that not many of the recent theoretical treatments could demonstrate good validation of their results by experimental facts.
New experimental measurements designed to allow systematic investigation and to give useful information on the diffusion behavior of molecules in liquids are currently few in the literature. In this laboratory, we have long been interested in experimental studies of various molecular effects on mutual diffusion in liquids. Previously, we have reported the effects of molecular mass, 28, 29 dipole moment, 28, 29 shape, 29, 30 and size 30, 31 of solutes on diffusivities. Investigations of the effects of hydrogen-bonding [31] [32] [33] [34] [35] and the steric effects 36 of associated molecules on diffusion have also been published. In this work, we report new tracer diffusivities of some aromatic compounds in n-hexane and cyclohexane at 298.2 K. It should be noted that throughout this study the term tracer diffusivity refers to mutual diffusion coefficient of a solute at trace (very dilute) concentration in a molecular liquid, i.e., limiting mutual diffusion coefficient. The solutes chosen in this study are pseudoplanar (disclike) molecules that are nonassociated in organic solvents, and they are all similar in chemical nature. For nonspherical molecules, the diffusion in liquids is anisotropic. 22(h) To minimize the different effects of translation-rotation coupling due to differences in shape, all disc-shaped solutes used in this work are very thin molecules with small aspect ratio values. The newly measured data and those reported previously in the literature are utilized to ascertain the solute and solvent dependences of diffusivities. These dependences are then combined to build a more generalized relation for describing the diffusivities of nonassociated pseudoplanar solutes in liquids. The model constructed is based primarily on the SE relation, with the Stokes law being replaced by the combination of solute and solvent dependences. It is then tested by fitting all experimental data at different temperatures.
II. EXPERIMENT
Limiting mutual diffusion coefficients (tracer diffusivities) were measured by using the Taylor dispersion method, also known as the chromatographic peak-broadening technique. In this method, a small sample of a solution at dilute concentration is injected into a pure solvent flowing in a capillary tube. Taylor 37 has shown that the combination of flow and diffusion results in a Gaussian distribution of solute along the tube, provided that the flow is laminar. The diffusion coefficient at trace concentration can be determined by the relation
where D 12 is the tracer diffusivity, R represents the internal radius of the diffusion tube, t r is the residence time of the solute in the tube, and W 1/2 refers to the width at half-height of the eluted peak. The apparatus used for the measurements here was similar in design to that reported in Refs. 35 and 36 . In this work, however, the detector was a differential refractometer (Shimadzu model RID-10A). To improve the required condition of laminar flow, the diffusion tube was changed to a 91.4 m length of 304 stainless steel tube with a smaller 0.762 mm i.d. (Supelco). The tube (of 1.59 mm o.d.) was coiled into a circle with a diameter of about 23 cm. The solvent was delivered by an Agilent HPLC pump (model 1100) with a flow rate precision of ±0.5%. In the experiment, a small sample of 20-50 μl was injected into a stream of solvent in the diffusion tube. The coiled capillary tube was mounted horizontally and immersed in a constant-temperature bath (Julabo model FP45) controlled to within ±0.01 K. Temperatures were measured by a certified thermometer (Baird and Tatlock, No. GDZ27736). To ensure laminar flow, the solvent flow rate was adjusted so that the constant volume flow was between 0.10 and 0.16 ml/min. At the end of the diffusion tube, the solute dispersion peak was detected by the differential refractometer. At least three measurements were made to obtain a diffusion coefficient.
In this study, the solvents cyclohexane (99.9%+, Aldrich), n-hexane (99%+, Aldrich), and 1-butanol (99.8%, Aldrich) were degassed by ultrasonic bath and then filtered before use with a 20 μm stainless-steel solvent filter. The solute mesitylene (98%, Riedel-de Haën) was purified by fractional distillation; benzene (99.9%+, Aldrich), toluene (99.5%, E. Merck), chlorobenzene (99.9%+, Aldrich), ethylbenzene (99%+, BDH), naphthalene (99%,BDH), 1,2,4-trichlorobenzene (99%+, Aldrich), n-propylbenzene (99%, E. Merck), biphenyl (99%+, Koch-Light), 1,2,4-trimethylbenzene (99%+, Aldrich), and hexamethylbenzene (99%+, Aldrich) were used as received. To test our apparatus, we have carried out a few measurements of diffusivities against previously reported data, and have generally obtained good agreement within experimental error.
III. RESULTS AND DISCUSSION
The measured diffusion coefficients (D 12 ) are presented in Table I . These values are the averages resulting from three or more diffusion measurements. The uncertainty listed is the average absolute error. The reproducibility of data here is consistent with those reported in our previous works [33] [34] [35] [36] using basically the same technique. In this study, we also report the tracer diffusivities of 1,2,4-trichlorobenzene and mesitylene in 1-butanol, which at 298.15 K are 0.730 ± 0.009 and 0.732 ± 0.008 × 10 −9 m 2 s −1 , respectively. These diffusion coefficients, not listed in Table I , were measured mainly to verify the insensitivity of tracer diffusivity to solute mass as found in some previous studies.
28 -30 Mesitylene and 1,2,4 -trichlorobenzene are two molecules 
A. Solute dependence
All aromatic solutes in this work are pseudoplanar (thin disc-shaped) in structure and nonassociated in the solvents studied. The values of aspect ratio of these thin disclike molecules are approximately between 0.25 and 0.4 only, except for rubrene and pyrene with values slightly less than 0.25. The effect of translation-rotation coupling on diffusion of oblate solutes (with different values of aspect ratio) in a solvent has been studied by Visanthi et al. 22(h) fects of solute shape or translation-rotation coupling on diffusion in a given solvent are approximately equal for disclike solutes within this range of aspect ratios. Although there is no data available for solutes with aspect ratio below 0.25, the effects for rubrene and pyrene are nonetheless not expected to deviate significantly from those of other solutes in this work, as it has been pointed out in the MD simulation study 22(h) that the orientation relaxation time depends only weakly on aspect ratio less than 0.3. Hence, for all pseudoplanar solutes in this work, the effects of translation-rotation coupling on diffusion in a given solvent should generally be about the same and not significantly affected by the very small differences in the shape of the solutes studied.
For the solutes in n-hexane and cyclohexane at 298.2 K, there exists a linear dependence of the reciprocal of the diffusivities (1/D 12 ) on the VDW volume (V 1 ) of the solutes. The relationship can be expressed by the equation
where a and b are constants. The linear regression lines for data in Table I are displayed in Fig. 1 . The present results are consistent with those found previously on the diffusivities of similar solutes in other solvents. 30, [32] [33] [34] [35] The constants a and b for systems in this and previous works, together with their respective correlation coefficients and average % deviations of fit, are given in Table II . It is noteworthy that Eq. (4) is independent of solute mass. This can be verified by comparing the data for chlorobenzene and toluene as well as 1,2,4-trimethylbenzene, mesitylene, and 1,2,4-trichlorobenzene in Table I , in addition to the two solutes in 1-butanol mentioned above. More evidences of the insignificance of solute mass on tracer diffusion have been reported in Refs. 28-30. The above experimental results are in agreement with the MCT study of Bhattacharyya and Bagchi, 25(b) which found that the effect of solute mass on diffusion is generally quite weak; in particular, the solute-mass dependence can normally be considered as negligibly small when changes of solute mass are small within a factor of 2 or so. It should be pointed out that it (4) can correctly represent the solute dependence of D 12 in any given solvent at constant temperature, at least for the range of pseudoplanar solutes in this study. This solute dependence of Eq. (4) is nonetheless not quite consistent with that predicted by the SE relation in which D 12 is inversely proportional to r 1 (or V 1 1/3 ) of solutes. To improve the solute dependence in the SE relation, an "effective hydrodynamic radius" has been suggested by Zwanzig and Harrison 55 to replace the van der Waals' radius r 1 for each solute in a solvent. It is not known if this correction has any relationship with Eq. (4) in the present study; however, the forms of the equations for solute dependence are still different.
It is of interest to compare Eq. (4) with the solute dependence in the RHS theory. For aromatic solutes with the same shape diffusing in a particular solvent at constant temperature, Eq. (2) can be reduced to
since the translation-rotation coupling constant, A 12 , in the RHS theory is dependent on the shape of the colliding molecules only. 10 In a given solvent, the computed correction to the Enskog theory, D SHS /D E , depends only on the size and mass of the solutes. By taking into consideration the experimental evidences [28] [29] [30] on the insensitivity of tracer diffusivities to solute mass, we have previously shown
where
E is a function of σ 1 only that can be represented by a polynomial or quadratic equation in 1/σ 1 . Using the g 12 expression suggested by Chen et al., 56 the unlikeradial distribution function at contact for tracer diffusion in a particular solvent can be simplified to
where c 2 , c 1 , and c 0 are constants of the solvent. From Eqs. (6) and (7), one can obtain
where k i 's are constants. Since V 1 is the solute volume proportional to σ (6)- (8) that
Alternatively, Eq. (9) can be rewritten as
where h 3 , h 2 , h 1 , and h 0 are constants. In respect to this relation, our experimental result of Eq. (4) for the solute dependence of tracer diffusion appears to be partly related to but not exactly the same in form as Eq. (10) which has been approximated from the RHS model. Equations (4) and (10) are consistent, however, if the sum (h 2 V 2/3 1 12 and V 1 may not necessarily exist for an extremely wide range of solute sizes (in particular, those of virtual model molecules in computer studies) and for solutes with different shapes. Equation (4), however, should be valid for solutes of normal size that the SE relation is inapplicable.
B. Solvent dependence
For tracer diffusion of a given solute in different solvents, the SE relation predicts that diffusivity is inversely proportional to the viscosity of the solvent. Except for macromolecules, however, numerous experimental studies 3, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] have shown that tracer diffusivity is inversely proportional to a fractional power of the viscosity of the solvent instead. This fractional power dependence of viscosity on diffusion is often referred to in the literature as the fractional Stokes-Einstein (FSE) relation, (D 12 /T) ∝ η −t , where t is known to be normally less than unity and generally around 2/3. 19, 58 The FSE relation hence implies that the SE relation usually underestimates the diffusivities of solutes that are not very large as compared to solvent molecules. The enhanced diffusion has been explained by the so-called microviscosity effect, i.e., the viscosity around a small solute is different from the bulk viscosity of solvent. 67 Although Hiss and Cussler 58 have been able to rationalize the exponent of 2/3 on the basis of Eyring's absolute rate theory and Bagchi and Bhattacharyya 7, 19 have indicated in their MCT studies that decoupling of the solute motion from the structural relaxation of the solvent could lead to fractional viscosity dependence, nonetheless, a quantitative theory of the FSE relation is still not yet available. Recently, however, there has been a great deal of interest [68] [69] [70] [71] [72] [73] [74] [75] [76] in the use of the FSE relation for the study of diffusion. One of our objectives in the present study is to critically test the applicability of the FSE relation against precise diffusion data. It is also our aim to ascertain the solvent dependence of tracer diffusivities of nonassociated aromatic solutes. Table III shows the tracer diffusivities of pseudoplanar solutes in various solvents at 298.2 K. The data were mainly collected from different sources in the literature, in addition to the ones measured in this work. Only solutes with tracer diffusivities in at least six different solvents were included in the table for carrying out useful analysis on the solvent dependence. A total of 9 solutes ranging from benzene (V 1 = 81.1 Å 3 ) to biphenyl (V 1 = 152.4 Å 3 ) are listed in Table III .
At constant temperature, the FSE relation can be simplified to
and can be expressed by the equation
where z 1 is a constant. Viscosity η, density d, and other properties of the solvents concerned are given in represent the solvent dependence of tracer diffusion, although the trend of the relation is correct. This is not unexpected, as diffusion is a complex process. In particular, solvent dependence should involve collective dynamics which probably cannot be sufficiently represented by a single variable η only. It is of interest to discuss the values of the fractional power t found in this work as well as those reported in other studies. The values of the slope (exponent t) for the 9 sets of data are listed also in Table III . These values, from 0.689 for benzene to 0.731 for mesitylene, are in general quite close, although there appears vaguely a weak dependence of t on solute size (see Table III 71 as well as 0.722 for rubrene given by Quitevis et al. 75 are in very good agreement with our mean t value of 0.712 for the pseudoplanar solutes. It is noteworthy that rubrene is larger than benzene in size by more than 6 times, but that these two pseudoplanar aromatic compounds have similar t values. That the t values are not a strong function of solute size for solutes of the same chemical type has already been shown by Kowert et al. 76 in their diffusion study of the solutes 1-alkenes and n-alkanes with 6 or more carbon atoms. Closeness in t values in similarly shaped solutes has also been observed by Harris. 68 It should be noted, however, that t values in general may depend not only on the shape but probably to some extent on the size of solutes too if the range of solute size is considerably wide.
Nonetheless, among all aromatic compounds, benzene is already the smallest, and in real molecules very few aromatic compounds pseudoplanar in shape are larger than rubrene.
Notwithstanding 49 of 0.943 (in n-alkanes) and 0.982 (in cyclohexane) for rubrene are very much different from that of 0.722 for the same solute. 75 Also, values of 0.717, 0.755, and 1.01 for CCl 4 as well as 0.472, 0.538, and 0.91 for CH 4 have been published. 3, 68, 71 These are just a few examples of the inconsistent or contradictory reports for the t values in the literature. As Harris 68 has recently pointed out, there are different ways to derive the t value. The value of exponent t may depend on the equations as well as units used, in addition to the accuracy of the data and number of data employed. Some authors have calculated t on the basis of isobaric and isothermal conditions, yet others have used data at different temperatures and under different pressures (thus densities) for the calculation. Without a standard state, however, comparisons of t values are probably not very meaningful.
All 80 data in this study of solvent dependence were measured at a standard state of 1 atm at 298.2 K, and Eq. (11) or its equivalent Eq. (12) was consistently used for the calculation of t. Also of importance was the fact that the data were collected from different sources, which allowed more statistically objective results. To overcome the deficiency of the solvent dependence of tracer diffusivities in terms of the fractional power of η only, we have searched the literature for relevant theories and studies that can be applied to extend the 88 has found that for a solute of fixed molecular mass, the diffusive flux of that solute decreases as the molecular mass of solvent increases. This means that the diffusion rate of a solute is dependent on the mass of the solvent molecule, i.e., the greater the solvent mass is, the smaller the diffusivity of the solute would be. Interestingly, March 89 has also shown from previous theoretical study 90 of liquid metals that at the melting temperature T m of liquid metal,
where D s is the self-diffusion coefficient, M is the atomic mass, and ρ is the number density of the atoms. For tracer diffusion in this study, however, we have found that at any temperature there exists a similar relation with weaker mass dependence,
where M 2 is the molecular mass and ρ 2 is the molar density (number density in mol cm −3 ) of the solvent, and that Eq. (14) is useful as a component for mending the inadequacy of the FSE relation. The generally weak mass dependence of diffusion has already been discussed by several authors. 19, 20 By combining Eqs. (11) and (14), a modified FSE relation can be written as
The values of M 2 and ρ 2 for different solvents are given in 10 .1% (toluene in chlorobenzene), and the overall average deviation for the 9 sets of data is reduced from 6.9% to 3.6%. This result is a significant improvement over that of the FSE relation of Eq. (11) .
Despite the improvement made by Eq. (16), however, a more careful examination of the results reveals that the experimental diffusivities in aromatic solvents are consistently and largely overestimated by the calculated values. We assumed at first that this was probably due to the particular chemical nature or structure of the aromatic solvent molecules. By closer inspection of the physical properties of the solvents in this study, we have found that the molecules are comparatively more compact in the aromatic solvents than in most other solvents. The free space available for molecules is relatively smaller in aromatic solvents. The ratioV f /V m between the molar free volumeV f and the molar volumeV m of a solvent can be defined asV
where N A is the Avogadro number and V 2 is the VDW volume of the solvent molecule. The ratio in Eq. (17) is a dimensionless fraction, and the values of this free volume fraction for various solvents at different temperatures are given in Table IV . Free volume theory, which has affinity with the kinetic theory, has received considerable attention in the past few decades, and there are many reports on the successful use of that theory for the study of diffusion in the literature. 51, 61, [91] [92] [93] [94] [95] [96] There are different approaches of using the free volume theory, and the simplest is probably the one given by Hildebrand. 91 Based on Batschinski's equation 97 for viscosity, Hiddebrand suggested for self diffusivity D s the following:
whereV o is the molar volume at which viscous flow ceases, i.e., a constant which should be closely related to the volume occupied by a mole of molecules as hard spheres. 21 Equation (18) 
It follows from Eq. (17) that we can rewrite Eq. (19) as
This new free volume relation is physically reasonable as more free volume available would provide more voids or "holes" for molecules to jump into and hence promote diffusion. In addition, relatively more free volume may allow ease of relaxation of solvent molecules, which can probably enhance solute diffusion also. By combining Eqs. (15) and (20), one can obtain the following relation:
The values ofV f /V m for different solvents are shown in Table IV . Similar to Eq. (16), we can express Eq. (21) as
where z 3 and y (similar to t and m) are constants. When the 9 sets of data are fitted by using Eq. (22), very satisfactory regression results are yielded. The y values obtained are different from those of t and m as expected, and they are all given in Table III for comparison. The y values in the table clearly show that they are generally smaller than those of t and m. The values of y for the 9 sets of data also range narrowly from 0.647 to 0.686. Interestingly, the average value for y is 0.672 ± 0.011, a value which is very close to 2/3. By including the free volume fraction in Eq. (22), the average % deviation between the experimental and the calculated values of D 12 for the 9 sets of data ranges from 1.5% to 3.1%, with the maximum deviation for individual data brought down to 6.0% (mesitylene in cyclohexane). The overall average deviation is significantly reduced to 2.1% only. The improvement made by modifying the FSE relation with different theories in the literature is indeed remarkable. By using 2/3 as the mean value for y, Eq. (22) can be alternatively expressed as
where B is a constant. When D also listed in Table III . It should be pointed out, however, that the calculated diffusivities using Eq. (22) with individual y values for the 9 sets of data are about the same as those using Eq. (23) with a fixed y value of 2/3. The overall average deviation between the experimental and the calculated diffusivities by using Eq. (23) is 2.3% as compared to 2.1% using Eq. (22) . The difference is 0.2% only.
To summarize the study on the solvent dependence in this section, we first found that the FSE relation is inadequate after analyzing 80 data collected from different sources. By adding the contribution of free volume fraction as well as the mass and molar density of solvent, we have discovered that Eq. (23) is a much better representation of the solvent dependence for tracer diffusivities of pseudoplanar aromatic solutes. The development of Eq. (23) is based on relevant theories, computer studies, and experimental results. The solvents in this work include those of different molecular masses, shapes, and sizes as well as different properties such as viscosity, density, and intermolecular bonding. Two interesting points emerge from the solute and solvent dependences found in this investigation. First, while the mass of solute is unimportant in tracer diffusion, the diffusivity is nonetheless weakly dependent on the mass of the solvent molecule. The second feature is that as the solute size (as well as shape) is significant in determining the tracer diffusivities, the effect of size and shape of solvent molecules is nonetheless not obvious in the solvent dependence. According to the VDW picture for nonassociated molecules in liquids, 11 motions of molecules should depend largely on the size and shape of the molecules (i.e., the short range repulsive intermolecular forces). One possible explanation is that the effects of solvent shape and size are probably already incorporated in the viscosity and the free volume fraction terms, i.e., viscosity and free volume fraction are shape and size related. For example, pseudoplanar solvents are generally of relatively lower value in free volume fraction as compared with other solvents. Another example is that for molecules of the same chemical class the larger the solvent molecule is, the higher its viscosity would be. These relations can be seen from the solvent properties in Table IV . It should also be noted that depending on the size of the solute molecule, the values of the constant B in Eq. (23) are different (see Table III ). Whether viscosity's exponent y value in Eq. (23) would vary with the shape of solutes is not known in this work; however, the present investigation indicates that changes in y with respect to solute size is quite small for the range of solutes studied.
C. Idealized relation and temperature dependence
The SE relation of Eq. (1) was originally derived from the well-known Einstein equation:
where ξ is the frictional coefficient related to the retarding force acting on a solute by solvent in the diffusion process. For mutual diffusion, ξ is expected to be solute and solvent dependent. If the solute can be considered as a spherical and very large particle diffusing in a continuum of solvent medium, the Stokes law is applicable, i.e.,
The SE relation was thus established by combining Eqs. (24) and (25). In real liquid systems, however, many solutes (except macromolecules) are neither spherical in shape nor very large in size as compared to solvent molecules. In such real systems, the SE relation is often invalid. The question is what expression ξ should be for diffusion of normal molecules in liquids when the SE relation is inapplicable. The Stokes law can be viewed as a combination of two functions, one of solute's radius r 1 and the other of solvent's viscosity η. This relation in connection with friction between solute and solvent leads us to postulate that ξ for normal sized solute and solvent molecules is also a product of two functions, i.e.,
where f(u) is dependent on solute and g(v) on solvent. Equation (26) 
.
From the result of the solute dependence of Eq. (4), f(u) can be given by
where b 1 is a constant. Similarly from Eq. (23) for the solvent dependence, we can have
Combining Eqs. (27)- (29), one can get the following relation:
This idealized relation, if correct, should be valid only for solutes of pseudoplanar shape. One of the reasons is because the viscosity's exponent may be different from 2/3 for other shapes of solute molecules. Equation (30) can be alternatively expressed as
where p and q are constants. Hence, at constant T, when D 2V m /V f ) for a given solute as in Fig. 3 , the slope should be (pV 1 
12 is plotted against V 1 at constant T for a given solvent (as in Figs. 1 and 2) , the quantity
2V m /V f )T −1 would be the slope. At a constant temperature (e.g., 298.2 K), the requirement of all the slopes of straight lines is that p and q are universal constants for all solutes as well as solvents. From Eq. (31), it can be easily seen at constant T that as V 1 increases, the slope for the solvent dependence also increases. This is consistent with the B values in Eq. (23) for different solutes as we have pointed out in Sec. III B.
We have attempted to use Eq. (31) Table V shows the tracer diffusivities at various temperatures, which have been collected from different studies in the literature. The data were measured by different investigators using different techniques. Only diffusivities measured below the normal boiling point of solvent under 1 atm were used. These data, together with those at 298.2 K in Table III as well  as the solvent data in Table IV , have been employed (in dimensionless form again) to test the temperature dependence of Eq. (31). It is found that the equation fits all 176 data almost equally well with p = 0.800 ± 0.008 and q = 53.9 ± 1.1. The % average error is ±2.8%, and the standard deviation of the % errors is ±2.1%. The maximum error is 8.9%. The calculated values from Eq. (31) are shown in Tables III and V  along 3 ) and pyrene (V 1 = 187.0 Å 3 ) are well described by the equation. Although only nonassociated aromatic solutes were studied in this work, the solvents involved actually included polar, nonpolar, and hydrogen-boned molecules of different shapes and sizes. In consideration of the experimental errors in different measurements of the diffusivities, the slight differences in the shape of the pseudoplanar solutes as well as the small uncertainties in the data of the solvent and solute properties, the prediction of a total of 176 data at different temperatures by Eq. (31) within an average deviation of ±2.8% clearly indicates the success of the equation. Also, there are only two parameters p and q in the relation that are needed for describing all the data. It should be pointed out that only temperature independent VDW volumes of solutes and solvent molecules are constantly used throughout this study. More importantly, Eq. (31) can account well for a wide range of tracer diffusivities of normal sized molecules that cannot be handled by the SE relation. This equation pieces the relevant theoretical and computing results as well as experimental facts of general significance together to yield a synergistic effect for describing a large number of diffusion data, while each of the components has its own merits in other studies of smaller systems.
IV. CONCLUSION
For diffusion of solutes with sizes comparable to solvent molecules, the SE relation is generally known to be inapplicable. In this work, we present new tracer diffusivities of nonassociated aromatic solutes in n-hexane and cyclohexane at 298.2 K. These data, combined with other diffusion coefficients in the literature, are utilized to find out separately the solute and solvent dependences of tracer diffusivities in molecular liquids. Based on these dependences, a model is developed for describing the diffusion behavior of nonassociated pseudoplanar solutes of sizes which cannot be treated by the SE relation.
The solute dependence found in this study is quite straightforward. For pseudoplanar solutes diffusing in a given solvent at constant temperature, there exists a linear relationship between the reciprocal of the tracer diffusivities (1/D 12 ) and the VDW volume of the solutes. This linear relationship is shown by all 13 sets of data obtained in this work as well as from different sources in the literature. For solvent dependence, the present work finds that the FSE relation is inadequate. Our study of 80 data shows that Eq. (23), which also includes the molar density, the molecular mass, and the reciprocal of the free volume fraction of solvent, is a better representation of the solvent dependence. An interesting feature of the result is that while solute mass is insignificant in the solute dependence, tracer diffusivity is weakly dependent on the mass of the solvent molecule. Another worthy remark is that as the size of the pseudoplanar solutes is important in the solute dependence, it appears that the effects of size and shape of solvent molecules are not apparent in the expression of the solvent dependence.
The present study contributes a relation built upon the framework of the Einstein equation to account for the tracer diffusivities of nonassociated aromatic solutes in liquids. The newly developed relation, which includes temperature dependence of diffusivities, can be considered as a modification of the SE relation by replacing the Stokes law with the product of the solute and solvent dependences found in this work. Based on different theoretical and computing results as well as experimental evidences, this semi-empirical relation, Eq. (31), is capable of correlating 176 diffusion data ranging from 0.538 to 7.03 × 10 −9 m 2 s −1 to within an average error of ±2.8%. The data cover solutes of different sizes from 81.1 Å 3 to 509.1 Å 3 , solvents of different viscosities from 0.219 cp to 3.063 cp, and temperatures from 273.2 K to 353.2 K. Solvent molecules are also different in size, shape, and chemical nature. While each of the existing theories of diffusion in the literature, e.g., the hydrodynamic theory and the kinetic theory, has its own merits in describing the diffusion behavior of molecules in liquids, it appears that none of them alone could predict the diffusivities of a wide range of normal sized molecules well. The success of Eq. (31) suggests that an approach by combining the useful parts of some existing theories, together with the experimental facts of general significance, may result in complementary or synergistic effects. Although the relation is idealized for pseudoplanar solutes, it can probably be modified and extended to describe the diffusion data of other types of solutes. A study of a similar relation for pseudospherical as well as other solutes is being undertaken in this laboratory.
